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Abstract
A coupled fluid-structure method is developed for flutter analysis of blade vibrations in turbomachinery. The approach is 
based on the time domain solution of the fluid-structure interaction in which the aerodynamic and structural equations are 
marched simultaneously in time. The three-dimensional (3D) unsteady Reynolds average Navier-Stokes (RANS) equations are 
solved with a multiblock finite volume scheme on dynamic deforming grids to evaluate the aerodynamic force. Dual 
time-stepping technique and an efficient implicit scheme with multigrid are employed to march the solution in time. The blade 
vibration is modeled with an aeroelasticity model in which blade motion is computed by linear combination of responses of each 
mode under unsteady loads. The code is validated in prediction of the unsteady flow flutter behavior of an oscillating cascade 
and is applied to flutter analysis of a transonic fan at the design speed. 
Keywords: transonic flow; unsteady flow; flutter; transonic fan; fluid-structure interaction; turbomachinery 
1. Introduction1
The design trends for modern commercial aircraft 
engine are towards high thrust/weight ratio, fuel effi-
ciency and safety[1]. These requirements lead to de-
sign fans and compressors with high pressure ratio 
per stage, thin blades, making the blades more sus-
ceptible to fluid induced vibration. Flutter is known 
as a self-excited vibration of a body in fluid. It poses 
significant challenge to aero-engine safety. Further-
more, aeroelastic stability causes designers to be 
conservative in pushing the design of engines to new 
limits of performance[2]. Prediction flutter with nu-
merical methods is critical for both the safety and the 
improvement of the aero-engine performance.  
Flutter is a multidisciplinary subject combining 
unsteady aerodynamics and structural dynamics. The 
simultaneous integration of the equations of motion 
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in time for the fluid and structure allows the correct 
assessment of the energy exchange between fluid and 
the blade(s). Flutter occurs when the blade absorbs 
energy from fluid and the blade vibration becomes 
unstable. When the aero-damping of fluid dissipates 
the vibrating blade energy, the amplitude of the vi-
bration reduces, and thus the vibration is stable. 
When a balance between input energy and dissi- 
pation occurs, the blade enters auto-oscillation or 
limit-cycle oscillation mode (LCO)[3], in which the 
oscillation amplitude is critical to assess its impact on 
structure integrity. Flutter is usually associated with 
fan blades, though other compressor and low-pres-
sure turbine blades may also suffer from such 
instabilities[4].
Prediction of blade flutter is proven to be a diffi-
cult task due to the perplexing phenomena of fluid- 
structure interaction in turbomachinery. In addition, 
people do not fully understand the consequences of 
many additional features, such as flow distortions 
due to blade-row interaction, coupling of assembly 
modes, and loss of spatial periodicity (aerodynamic 
or structural mistuning), acoustic resonance, etc. 
Time-linearized (frequency domain) approach has Open access under 
CC BY-NC-ND license.
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been extended to model more realistic turbomachin-
ery flows by several researchers, such as He[5], Hall[6]
and Bakhle[7]. However, under transonic flow condi-
tions, even small oscillations of the blade may lead to 
nonlinear flow behavior, such as intermittently chok-
ing by an oscillating shock[8], thus rendering the 
time-linearization methods inadequate in under-
standing the mechanism of fluid-structure interaction. 
While the linearized methods are particularly useful 
for parametric studies in the preliminary design 
stage[9], aeroelastic equations have to be solved in a 
time marching fashion in order to include all of the 
nonlinearities in both the structure and/or the aero-
dynamics. A review of current state of turbomachin-
ery aeroelasticity was given by Marshall and Im-
regun[10] where flutter prediction methods were de-
scribed in detail. The coupled fluid-structure method 
in solving the aeroelasticity problem has the advan-
tages of modeling time history of the blade vibration, 
vibration amplitude and energy exchange between 
two or more discipline thus enhancing the under-
standing of characteristic of blade flutter. The princi-
ple of coupling between structure and fluid for wings 
was reviewed by Schuster, et al.[11], whereas cascade 
and fan applications were presented by Gnesin[8],
Vahdati[12], Carstens[13], Srivastava[14], et al. with 
various degrees of accuracy. Cinnella, et al.[15] pro-
posed a new deforming grid technique for aeroelas-
ticity analysis. Aeroelasticity stability computations 
with energy method are reported by Srivastava[14],
Gnesin[16], et al. 
Jin and Yuan[17] performed flutter analysis of a tur-
bine blade under a single vibration mode (torsion) 
with a coupled fluid-structure procedure. However 
for more general cases, modeling the motion of a 
tubomachine blade generally requires the inclusion of 
several modes. Zhang, et al.[18] conducted flutter 
analysis with an influence coefficient method. Hu 
and Zhou[19] simulated two-dimensional (2D) un-
steady flows around oscillating cascades.  
In this study, a fully coupled numerical method to 
simulate fluid-structural interaction is developed for 
the flutter analysis of turbomachinery applications. 
The code is based on solving three-dimensional (3D) 
unsteady Reynolds averaged Navier-Stokes (RANS) 
equations for compressible flows on multiblock 
structured grids. Structural dynamic equations are 
marched simultaneously with aerodynamic equations 
in a strong coupled fashion in order to accurately 
simulate the interaction of aerodynamic force and the 
structure motion. The accuracy of the procedure is 
validated with unsteady flow simulation of the 4th 
Standard Configuration of turbomachinery aeroelac-
ticity and applied to predicting the flutter of a tran-
sonic fan at the peak and near stall conditions. 
2. Aerodynamic Models 
Aerodynamic model for fluid-structure interaction  
is the 3D unsteady RANS equations in relative frame 
of the reference. The governing equations in integral 
form are written for a dynamic deforming grid, as  
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where q is conservative variable vector, : (t) and S(t)
are control volume and its boundary, n is the 
out-pointing norm vector of S(t), Fc and Fv represent 
the convective and viscous fluxes, and H is the 
source term vector consisting of non-inertia force due 
to constant rotation of the system and other external 
contribution to the conservation law. The turbulence 
contribution to viscous fluxes is modeled with sev-
eral Boussinesq eddy-viscosity models. 
For turbomachinery applications, the flow angle, 
total temperature and total pressure are prescribed at 
the inlet, whereas the inlet Mach number is given to 
initialize the flowfield. The exit static pressure is 
determined with a simple radial pressure balance 
procedure.
Both the Navier-Stokes equations and turbulence 
model equations are discretized with a cell-centered 
finite volume scheme for multiblock grids. The con-
vective fluxes at the cell interface are computed with 
Roe’s approximate Riemann solver, whereas the dif-
fusion fluxes are evaluated with a second order cen-
ter difference. An upwind-biased MUSCL scheme 
with limiter is employed to achieve second order 
accuracy.
An efficient implicit scheme with local timestep 
with multigrid is used to advance the flow to steady 
state. The turbulence model equation is decoupled 
with the main equations and solved separately. For 
time accurate solution, such as flutter problems, Jam-
erson’s dual time-stepping technique is adopted with 
several sub-iterations to reduce time-linearization 
errors.
3. Structural Model 
There are a number of more refined and realistic 
structural models[20] of the blade vibration under 
aerodynamic loads. However, in the context of cou-
pled fluid-structure solution, such model generally 
requires expensive computing resource which is not 
currently available. Linear aeroelasticity model is 
proven to be sufficient for most flutter problems[21].
The structural dynamic equation for the blade vibra-
tion is written as 
    Mx Cx Kx Q             (2) 
where M is the mass matrix, C the damping matrix, K
the stiffness matrix, x the displacement vector and Q
the force vector.  
The structural equation of motion is a set of linear 
differential equations that can be solved with a modal 
approach in eigen-space. Once the eigen-solution is 
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obtained, the vibration of structure can be expressed 
as a series of linearly independent modal vectors, so 
the deflection of blade can be written as a linear 
combination of the modes included in the analysis, as 
 x )[                   (3)
where ) is the mass averaged mode-shape matrix, 
and [ the generalized coordinate vector. Putting 
Eq.(3) back to Eq.(2) and pre-multiplying it by )T
yields 
T T T T      ) ) ) ) ) ) )M x C x K x x Q    (4) 
With the assumption of proportional damping 
(Rayleigh damping), the damping matrix can be ex-
pressed as a combination of the mass and stiffness, 
and Eq.(4) can be written as 
2diag(2 ) diag( ) ( )i i i t[ Z Z    [ [ [     (5) 
where Zi is the ith vibration circular frequency. 
When the blade motion is dominated by the lower 
modes in turbomachinery applications, the equations 
of motion can be reduced to smaller number of de-
gree of freedom (DOF) by removing high-frequency 
modes or modes which are not interested in. The 
generalized force vector can be expressed as 
2
T
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where Uf is the free-stream density, Vf the 
free-stream velocity, M i the ith mode shape, Cp the 
pressure coefficient. 
Eq.(5) is solved by a state-space representation 
method[22]. With a first order state-space model, the 
decoupled N modes second order differential equa-
tions are reduced to 2N sets of first order differential 
equations and solved by a convolution integral 
method. 
4. Fluid-structure Coupling 
In this study, an integrated method is used to solve 
coupled aeroelasticity problems. It involves the solu-
tion of the fluid and structural equations simultane-
ously. The boundary condition information ex-
changes between two domains at each time step, so 
that the solution from one domain is used as a 
boundary condition for the other. At each time step, 
the aerodynamic force vector is computed and sent to 
the modal equation solver. The structural solver 
evaluates the generalized forces for each vibration 
mode and solves the time-dependant modal equation. 
Then the displacement vector of the blade is com-
puted by a linear combination. The resultant dis-
placement and velocity of the boundary are updated 
in the aerodynamic grid with a grid deformation 
technique. 
5. Grid Motion and Deformation 
In a time-accurate coupled fluid-structure solution, 
the motion of the blade defines new boundaries for 
flow domain at each time step. The aerodynamic grid 
has to be updated in order to be conformed to the 
aeroelastic or prescribed blade shape. It is desirable 
to move the aerodynamic grid according to the in-
stantaneous position of blade. A deforming grid 
technique based on transfinite interpolation (TFI) 
method is developed with the consideration of tur-
bomachinery applications. The deforming boundary 
faces are interpolated to interior points based on a 
decay function[23]. A special movement condition is 
imposed on the surface grid of the casing when the 
tip-gap is small, so that the grid point on the casing 
would slip on the revolving surface. The other 
boundary surfaces remain stationary. This is proven 
to be beneficial to the quality of grid in that region. 
6. Numerical Results 
The proposed method has been applied to predict-
ing flutter instability of the transonic flows in a tur-
bine cascade with bending motion of the blade to 
validate the unsteady flow simulation algorithm. 
Steady flow and flutter analysis are performed on the 
Rotor 67 to demonstrate the capability of the current 
method. 
6.1. 4th Standard Configuration 
The 4th Standard Configuration has been investi-
gated experimentally in the non-rotating annular 
cascade tunnel[24] and computationally to validate 
numerical methods for unsteady flows[15] or flutter 
analysis. The same flow conditions and blade oscilla-
tion amplitude and frequency for the updated Case 
624 are imposed for the following computation. 
The flow is transonic with isentropic exit Mach 
number 1.04, the inlet flow is inclined 21.4q with 
respect to the axial direction. The computational grid 
(see Fig.1(a)) consists of one “O” block and five “H” 
blocks for the rest of the domain.  
The steady computation is performed by solving 
the RANS equation. Fig.1(b) provides the compare- 
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Fig.1  Computational grid and pressure distribution. 
son of pressure coefficient distribution, where x/c
represents local coordinate along the chord c. The 
agreement with the experimental data is reasonably 
well except in the trailing edge and on the suction 
surface where the weak shock exists. 
The steady solution is used as the initial condition 
for unsteady computations. Theinter-blade phase 
angle (IBPA) considered in this work is 180q, thus 
the computation domain consists of two passages. 
The oscillation amplitude is 0.321 mm and the oscil-
lation frequency is 149 Hz. The bending direction is 
60q with respect to the chord. 
Fig.2 shows the normalized amplitude and phase 
of the first harmonic of the pressure for IBPA=180q.
The results agree well with experimental data and 
Fig.2  Amplitude and phase. 
show improvement in the prediction of the phase, 
compared with similar cases in recent publications[25].
This indicates that the present method is able to ac-
curately predict unsteady pressure around oscillating 
blades.
6.2. Fan flutter analysis 
Rotor 67 is a popular test case for 3D viscous flow 
calculations. It is designed with 22 blades with rota-
tional speed of 16 043 r/min at design point. The 
total pressure ratio is 1.63 at the peak efficiency. 
Coupled fluid-structure analysis has been carried out 
by Sadeghi and Liu[26], Doi and Alonso[27] with a 
closed coupled finite element method, and Vahdati, 
et al.[12] with an unstructured grid method. 
The computational fluid dynamics (CFD) grid is a 
multiblock grid of 7 blocks. There are 17 grid lines 
within the tip-gap regions at a tip clearance of 0.7% 
span. Fig.3 shows the grid on the S1, S2 surface at 
mid-span and in the tip gap region. The total number 
of grid points for one passage is 683 442. 
Fig.3  Computational grid. 
The computed chocking mass flow rate is 
34.94 kg/s at 100% speed, which is in a very good 
agreement with experimental data at 34.96 kg/s[28].
Fig.4 shows the total pressure ratio and adiabatic 
efficiency against normalized mass flow. The com-
puted pressure ratio and efficiency show good 
agreement with experimental data by Strazisar[28],
except for slightly under predicting pressure ratio and 
missing the peak efficiency spike. The total pressure 
pt and temperature Tt distribution against inlet pres-
sure pinf and temperature Tinf at the rotor outlet are 
plotted at Fig.5. The calculations show an overall 
better agreement than previous publications [16-17,29].
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Fig.4  Performance map of Rotor 67. 
Fig.5  Total pressure and temperature distribution at outlet. 
The structured eigen-solutions of a single blade 
clamped on the hub are obtained with the commercial 
FEA package NASTRAN®. Because the material of 
the blade is omitted in the original publications[29],
the blade is assumed to be solid and a titanium-alloy 
is used in this work based on the modern design trend 
for fan blades. The structured mesh along with the 
first three vibration modes interpolated to the fluid 
mesh is displayed in Fig.6. The computed frequen-
cies are consistent with recent publication with simi-
lar material[26-27].
Fig.6  Structured mesh and modes. 
The coupled fluid-structured flutter analysis is 
performed at the operation point of the peak effi-
ciency and near stall. Although the flutter character-
istic of a fan requires analysis of all IBPA conditions, 
the IBPA=0q is considered in this work due to con-
strains of the computation resource.  
The converged steady solutions are used as initial 
flow field. The global time step is 1/90 of a period of 
the highest vibration mode in order to accurately 
simulate the blade response. 
Fig.7 shows the time history of the modal dis-
placements of three modes at the peak efficiency. It is 
evident that the first bending mode dominates the 
blade motion and the amplitude reduces with time. 
Fig.8 gives the vibration history of the trailing edge  
Fig.7  Time histories of modal displacement (peak effi-
ciency). 
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Fig. 8  Movement of trailing edge point at blade tip (peak 
efficiency). 
point at the blade tip. It shows similar trends with the 
modal displacements and the blade is stable. The 
maximum displacement (square root of the maximum 
motion at X, Y and Z directions) of the motion is 
about 0.005 mm. 
Figs.9-10 are the time histories of modal dis-
placement and the blade tip motion, respectively, at 
the operation point near stall. It is obvious that the 
vibration amplitude reduces with time, and thus the 
blade is stable. It is also evident that the amplitude of 
the modes is increased, especially the second and the 
third modes, which suggests that the blade stability is 
reduced as the operation point moves towards the 
stall region. The maximum displacement of the blade 
tailing edge is about 0.006 mm. 
Fig. 9  Time histories of modal displacement (near stall). 
Fig. 10  Movement of trailing edge point at blade tip (near 
stall).
The flutter analysis indicates that rotor blade at 
100% speed is stable for 0 IBPA at the peak effi-
ciency and near the stall boundary, and the maximum 
blade vibration amplitude increases with the aerody-
namic loads. The blade motion is dominated by the 
first bending mode.  
7. Conclusions 
A fully integrated numerical method for flutter 
analysis with a coupled fluid-structure interaction is 
presented. The structural dynamic equation and the 
fluid dynamic equation are integrated in time simul- 
taneously.  
The accuracy of the code is demonstrated by flut-
ter analysis of transonic unsteady flows over the 4th 
Standard Configuration cascade. Steady analysis of 
the NASA Rotor 67 shows the accuracy of the nu-
merical method used in simulation of transonic flows 
with strong shock-boundary layer interaction. Cou-
pled fluid-structure flutter analysis shows that the 
rotor is stable both at peak efficiency and near stall at 
100% rotation speed. 
Coupled fluid-structure method is not only capable 
of predicting the stability of the blade by analysis of 
the vibration history, but also able to compute the 
amplitude and frequency of the vibration, which is 
important to evaluate the dynamic stress for reliabil-
ity and life analysis. 
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